Introduction
Cerebral amyloid angiopathy (CAA) is an age-related small vessel disease characterized by deposition of β-amyloid protein in the walls of cortical and leptomeningeal arteries [1] . Although the most dramatic clinical presentation of CAA is symptomatic lobar intracerebral hemorrhage (ICH), many patients only have cerebral microbleeds (CMBs) [2] [3] [4] . In recent years, superficial siderosis (SS) and convexity subarachnoid hemorrhages (cSAH) have been recognized as important MRI markers for CAA [5] [6] [7] [8] . These imaging markers, which may be symptomatic or silent, appear to increase sensitivity for diagnosis of CAA [5] .
Transient focal neurological episodes (TFNE) in CAA have been previously described [9] and are now increasingly recognized as part of the CAA clinical spectrum [6, 10] . A previous study has correlated TFNE with SS in CAA patients who had suffered lobar ICH [7] . Several case series have suggested that CAA could be common cause of cSAH in the elderly [11, 12] . Additionally, two recent studies in CAA with lobar ICH demonstrated that those with SS/cSAH had a higher risk of recurrent ICH compared with those without [13, 14] . However, systematic studies regarding the characteristics and the clinical relevance of SS/cSAH in patients without lobar ICH, but still strongly suspected to have CAA, are lacking. Identifying neuroimaging markers that may predict first ever ICH in patients with CAA is of critical importance for early therapeutic intervention in the disease.
We thus performed a retrospective analysis of an ongoing cohort of patients with suspected CAA without lobar ICH seeking to determine (1) the characteristics of SS/cSAH in this population; (2) the prevalence and characteristics of TFNE in patients with SS/cSAH and whether there was a potential anatomic correlation between the two; (3) the future hemorrhagic risk for those patients with SS/cSAH compared with those without; and (4) the potential mechanism of SS/cSAH-related TFNE.
Methods

Study Participants
Systematic screening and recruitment from both inpatient services and outpatient clinics of all patients with lobar hemorrhage (including microbleeds) at MGH has been previously described [15] . For the present study, only consecutive patients with suspected CAA seen between 1998 and 2012 were deemed eligible. Suspected CAA was defined by the presence of any strictly lobar microbleeds and/or SS/cSAH in patients who did not have a current or previous history of lobar ICH [5, 16] and was determined by consensus (J.N., E.A., E.M.G.) based on clinical evaluation and imaging characteristics. The term 'suspected CAA' was used to indicate that these patients did not strictly fulfill the pathologically validated Boston criteria for CAA, as this validation study involved only patients with lobar ICH [17] . The patients who had at least one of the following criteria were included in this study: (1) ≥ 2 lobar CMBs identified by T2 * -weighted GRE without evidence of CMBs in deep brain regions (thalamus, basal ganglia); (2) SS identified by T2 * -weighted GRE or cSAH identified by fluid attenuated inversion recovery (FLAIR) sequences. Using these criteria, a total of 90 patients were included. These individuals presented because of self-reported cognitive decline (n = 34), TFNE (n = 30), or incidental neurological symptoms that prompted MR imaging (including headache, confusion, gait difficulties, dizziness, syncope, transient global amnesia (n = 26)).
This study was approved by the hospital Institutional Review Board. Participants provided informed consent in accordance with protocols approved by the Partners Health Care Inc. Institutional Review Board.
Data Collection
Clinical presentations for all subjects were collected from electronic medical charts. The presence of TFNE was defined by consensus between two raters (J.N. and E.A.) blind to imaging information and according to published criteria [6, 10] : a clinical episode of transient focal neurological symptoms including numbness/tingling, weakness, dysarthria or aphasia lasting minutes to 1 h with subsequent complete resolution. Non-focal symptoms such as dizziness, syncope, or acute confusion were excluded. We collected detailed information of TFNE, including clinical characteristics and precise onset time to further analyze correlations with SS/cSAH. All other variables were collected at the time of subject recruitment including patient demographics, vascular risk factors, evidences of prior cerebrovascular events, previous diagnosis of dementia, and use of medications including antiplatelet, anticoagulant agents and statin use. Hypertension, diabetes mellitus, and dyslipidemia were coded as present if subjects were treated with related medications or had a prior medical history of disease. Evidence of atrial fibrillation was based on electrocardiogram or Holter monitoring. EEG reports, interpreted by a neurologist specialized in epilepsy, were also reviewed from medical charts. Routine clinical follow up or rehospitalization records were retrospectively analyzed in order to determine the number of patients who subsequently developed sympNi et al. Follow-up imaging was available in a subset of patients and was obtained either at the clinician's discretion in the outpatient clinic, or for the evaluation of new neurologic symptoms in the emergency room (n = 37; 19 patients with SS/cSAH and 18 without).
MRI Acquisition and Analysis
All subjects underwent standard clinical brain MRI on a 1.5T signa scanner. Diffusion-weighted imaging (DWI), fluid-attenuated inversion recovery (FLAIR), and gradient-echo (GRE) sequences were obtained using previously reported parameters [3, 18] .
All images were reviewed for the presence and severity of SS/ cSAH by two experienced clinical neurologists (J.N. and E.A.) without knowledge of clinical information and based on the following definitions: (1) SS: linear signal changes in the superficial layers of cerebral cortex which appear as low signal on T2 * -weighted images [8] ; (2) cSAH: localized subarachnoid bleeding identified either as a hyperintensity on computed tomography (CT) and/or a hyperintensity on FLAIR, and restricted to one or several adjacent sulci at the convexity of the brain without recent bleeding in the parenchyma, sylvian fissure, basal cisterns, or ventricles [8] . The distribution of SS/SAH was classified as either focal (restricted to ≤ 3 sulci) or disseminated ( ≥ 4 sulci) [5] . After reviewing the images separately, raters met to achieve a final consensus rating for each SS or cSAH lesion. Inter-rater reliability (J.N. and E.A.) showed excellent agreement for the presence (kappa = 1.0) and severity (kappa = 0.8193) of SS/cSAH in 10 randomly selected patients. T2 * -weighted GRE images were also evaluated for a number of lobar CMBs (J.N. and E.A.) according to previously established consensus criteria [19] . We have previously shown excellent interrater reliability for CMB rating [4] and current raters exhibited high inter-rater reliability using a standard CAA CMB rating examination established in our group. CMB were defined as small, homogenously hypointense round or ovoid lesions on GRE or SWI sequences, distinct from other potential mimics such as calcification or air-bone susceptibility-related artifacts. The number of lobar CMBs was dichotomized as mild burden (<10) versus severe burden ( ≥ 10) based on the distribution of CMBs number in this cohort.
Sub-Group Analysis in Patients with Both SS/cSAH and TFNE
To further determine whether there was a precise correlation between TFNE and SS/cSAH, we studied patients with both SS/ cSAH and TFNE at baseline (n = 25). We excluded one patient whose severe left ICA stenosis could have potentially explained transient right arm weakness and one patient whose motor status epilepticus could have been potentially caused by CAA-related inflammation. This left us with 23 patients for this subanalysis.
Statistical Analysis
Comparisons between subjects with SS/cSAH versus without were performed using t -test (for age), chi-square (for categorical variables) for univariable analysis. SPSS/WIN (version 20.0, SPSS, Chicago, Ill., USA) software was used to carry out all statistical analyses; a p value of less than 0.05 was considered to be statistically significant.
Results
Baseline characteristics of the cohort are shown in table 1. In total, 41 patients had SS and/or cSAH based on T2 * -weighted GRE or FLAIR. Of them, 24 patients had SS only and 17 patients had cSAH (2 patients had only 281 cSAH and 15 patients had both cSAH and SS). SS/cSAH had a focal distribution in 21 patients and disseminated distribution in 20 patients and occurred in the frontal, parieto-occipital, and the central sulci. There were no differences in the distributions of age, sex, use of medications, vascular risk factors and severe lobar CMB burden between patients with and without SS/cSAH. The prevalence of TFNE was significantly higher (25/41, 61%) in the SS/cSAH group compared with the group without SS/ cSAH (5/49, 10%) (p < 0.001). Twenty-three of 90 patients with suspected CAA were further diagnosed with definite (n = 7) or probable CAA with supporting pathology (n = 16) based on Boston criteria [17] (8 patients with SS/cSAH and 15 patients without SS/cSAH).
Characteristics of TFNE and Correlation with SS/cSAH
In the 23 individuals with unexplained TFNE (see subgroup analysis), the most common symptom was transient arm/hand/finger numbness/tingling, mostly spreading from the distal to proximal upper extremity (e.g., fingers to shoulders) in 19 patients. There was accompanied unilateral extremity weakness or slurred speech in 6 of these 19 patients. The remaining 4 patients had no spreading sensory symptoms and exhibited unilateral extremity weakness and word finding difficulty (n = 1), unilateral extremity weakness alone (n = 1), transient episode of expressive aphasia (n = 1), or slurred speech alone (n = 1). These transient episodes were mostly recurrent and stereotyped, lasting from less than one minute to a few minutes but not exceeding one hour. By contrast, none of the 5 patients with TFNE without SS/cSAH had spreading sensory symptoms (3 presented with acute onset of transient garbled speech, recurrent brief episodes of word finding difficulties and transient limb weakness suggestive of transient ischemic attack (TIA) without spreading symptoms followed by ischemic stroke and 2 with seizure confirmed by EEG).
In those 23 patients with both SS/cSAH and TFNE, MRI including FLAIR was performed within 5 days of onset of the first episode in 17 patients. FLAIR hyperintensity in the corresponding sulci in the contra-lateral hemisphere, suggesting cSAH was present in all 17 patients (table 2) . There was evidence of chronic SS in multiple sulci in 21/23 (91%) patients (table 2; fig. 1 ). The most common corresponding sulcus of TFNE was the central sulcus with or without pre-or post-central sulcus accompaniment (n = 19), followed by single or multiple parietal sulci (n = 3) and multiple frontal sulci (n = 1).
EEG was performed within two days of first episode in 15 patients. No epileptiform activity was found in any of the patients even though one patient did have 3 TFNE during EEG monitoring. Eight patients had a normal EEG. Interestingly, intermittent focal slowing (but no amplitude change) was present in the same hemisphere/ location as SS/cSAH in 6 patients. One showed generalized low amplitude.
SS/cSAH and Risk of Future Symptomatic Cerebral Bleeding
Among those with available follow-up (76/90 patients, 84%), ten patients with SS/cSAH (29%, median time from the scan for all patients with SS/cSAH: 21 months) had a symptomatic cerebral bleeding event (ICH or cSAH) on follow-up (average time to ICH or cSAH: 34 months) compared with only 1 event (2.4%, 25 months from the scan) in patients without SS/cSAH (time to ICH: 25 months) (p = 0.001). Multivariate analyses were not performed due to limited sample size. Of those 10 patients with symptomatic cerebral bleeding events in SS/cSAH group, 2 had new cSAH ( fig. 2 ) and 8 had lobar ICH. The location of hemorrhages on follow up was not in the same location of previously noted SS/cSAH in 9 patients ( fig. 3 ) . Follow-up imaging in all 9 patients with cSAH showed evidence of SS in the same location as the initial cSAH. There were no significant associations between age, sex or lobar CMBs burden and risk of future symptomatic cerebral bleeding events (p > 0.1 for all comparisons; data not shown).
Discussion
The major finding from this study highlights a precise anatomical correlation between TFNE and cSAH in a large majority of patients with suspected CAA without lobar ICH. The common corresponding sulci were either the central sulcus or pre-or post-central sulci-areas, which are close to the primary motor or sensory cortices. This may suggest that acute cSAH located in or near these sulci are primarily responsible for the typical transient focal episodes seen in suspected CAA without lobar ICH. Furthermore, follow-up neuroimaging data from selected patients in this study ( fig. 3 ) may suggest that the superficial siderosis (SS) is likely a continuum from acute, probably repeated, focal convexity linear subarachnoid hemorrhages (cSAH) in these patients. This is in line with hypotheses from previous studies [10, 13] . Suspicion of CAA should thus be raised in patients with acute cSAH visualized on FLAIR or CT images and further evaluation with T2 * -weighted GRE or SWI may be warranted. Our study also suggested that the majority of TFNE caused by cSAH appear to present with spreading sensory symptoms. The typical symptoms of TFNE in our patients with cSAH were recurrent, stereotyped spreading numbness and tingling from fingers or toes which extend to the proximal arm, leg or face and resolve completely within a few minutes without associated motor weakness. This is in contrast to a TIA, which can often present with acute language or motor symptoms (aphasia, dysarthria, focal weakness) without associated numbness or parathesias. Furthermore, TIA-associated parasthesias, when present, typically occur suddenly and do not spread from the distal to proximal extremities. Thus, these clinical features may distinguish these subpial bleeding events from TIAs in patients with CAA and thus help guide further evaluation and treatment. For example, antithrombotic treatment, which is of benefit in patients with TIA, could potentially have detrimental effects in CAA patients with TFNE with underlying cSAH, by increasing ICH risk [20] .
Although the precise mechanism of these TFNEs has not been elucidated previously, focal seizure, TIA and cortical spreading depression have all been hypothesized as potential mechanisms [10] . The results from our study demonstrate that underlying physiological mechanism of CAA-related TFNE might be cortical spreading depression. EEG evaluation performed within 2 days of first onset of symptoms showed intermittent theta slowing but no amplitude change in the corresponding area of cSAH in 6 patients. Cortical spreading depression is becoming increasingly accepted as the basis for migraine aura and the trigger for headache pain [21] and can dem- onstrate theta slowing without amplitude change on EEG [22] . Similar to cSAH-related TFNE, these migraine auras can also present with transient focal neurologic symptoms and can resolve within a few minutes. Interestingly, no epileptiform activity was found in any of the 15 patients who had EEG monitoring in our cohort. Indeed, one patient had three episodes during EEG monitoring with no electrographic correlate to suggest seizure. It may be that the small amyloid-related hemorrhagic lesions of cSAH act as triggers for cortical spreading depression. Further EEG monitoring studies are warranted in those patients. Two previous retrospective studies have suggested that SS or cSAH associated with TFNE may be a warning sign for recurrent ICH, which may occur in the same region [13, 14] . However, all these previous studies included mostly patients with baseline lobar ICH, which likely influences future hemorrhagic risk. Our study attempts to extend this literature by examining SS/cSAH in suspected CAA without previous lobar ICH. We also found that SS/cSAH was associated with future lobar hemorrhage, although there was no correlation between location of ICH and the previous area of SS/cSAH. These results suggest that the presence SS/cSAH in patients with suspected CAA may reflect increased overall severity of cerebrovascular amyloid deposition in the brain but lack specificity regarding regional differences in degree of vessel pathology in these patients. Further pathological studies to examine this question are ongoing.
Our study had limitations. The single-center retrospective study design may lead to recruitment of patients with SS/cSAH that were clinically distinct from other patients with suspected CAA. However, patients without SS/cSAH in the cohort did not significantly differ in characteristics compared to patients with SS/ cSAH. Further, large prospective studies with systematic evaluation of TFNE are needed. The inclusion of only patients who underwent MRI with T2 * -weighted GRE sequences may have contributed to a selection bias. It is possible that patients with strictly lobar CMBs in the absence of ICH may lack CAA, thus leading to bias. However, recent work suggests that the specificity of lobar CMBs for CAA is high even in the absence of lobar ICH and that lobar CMB alone strongly predicts pathologic evidence of advanced CAA [23] . All but one subject with SS/cSAH and TFNE underwent interictal EEG studies, which may have failed to capture the true epileptic nature of the neurologic event. Finally, because our study was retrospective in nature and not designed to systematically examine the risk of incident cerebral bleeding events in patients with suspected CAA without ICH (including the effect of blood pressure and/or antihypertensive agents), our finding that SS/cSAH increases future bleeding risk may have significant bias. Future prospective studies should attempt to investigate this possibility in more detail.
Summary
In conclusion, distinct from TIA or seizure, the majority of TFNE in patients with suspected CAA appears to be caused by cSAH and presents with spreading sensory symptoms. The findings further highlight a precise anatomical correlation between TFNE and acute cSAH in suspected CAA. Patients with SS/cSAH may have a significantly higher risk of future cerebral bleeding events, regardless of the severity of the baseline CMB burden.
